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Abstract 
Antennas, i.e., elements transforming localized or waveguide modes into freely propagating fields 
and vice versa, are vital components for wireless technologies across the entire spectrum of 
electromagnetic waves, including microwaves and optics. Although optical antennas are usually 
fed by either a single source or many sources incoherently, recent studies demonstrate an ability 
of resonant nanostructures to cause the synchronization of quantum source spontaneous emission, 
i.e., Dicke superradiance effect. What remains poorly explored is how the coherent excitation can 
affect antenna performance: its multipole composition, directivity, efficiency, and Purcell effect. 
In this paper, we investigate an antenna excited by two coherent sources and demonstrate that this 
approach can boost antenna performance. To make the discussion independent of the frequency 
range, we restrict the consideration by all-dielectric antennas, which attract significant interest in 
both microwaves and optics. We explore that coherent excitation of a dielectric antenna by two 
dipole sources makes it feasible to control the multipoles resulting in boosted superradiance and 
enhanced directivity. Interestingly, it makes possible excitation of nonradiative field configuration, 
anapole state, and turning it on/off on demand. Remarkably, this approach also allows reducing 
the quenching effect and enhancing the radiation efficiency without changing the antenna’s 
geometry. We design a dielectric subwavelength coherently driven antenna operating in both 
superdirective and superradiative regimes simultaneously with the total enhancement factor over 
32 10 . 
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Introduction 
Antennas are a crucial element for many vital wireless technologies, including communications 
and power transfer1. Being dictated by applications, a plethora of antennas in the radio and 
microwave frequency ranges have been invented, including microstrip antennas2, reflector 
antennas1,3, dielectric antennas4,5 to mention just a few. More recently, the optical counterpart, a 
nanoantenna, has also been invented for quantum optics, spectroscopy, and communications on a 
chip6–12. First attempts to nanoantennas developing were based on utilizing the plasmonic response 
of noble metals which quickly faced with the inevitable dissipative losses interfering in many 
thermo- and loss-sensitive applications. All-dielectric nanoantennas have been suggested to 
address the material losses issue and are becoming indispensable for sensing and spectroscopy 9,13–
17 and as constituent elements for metasurfaces and metamaterials18–21. 
Typically, nanoantennas are fed by a single quantum optical source (molecule, QD) or by 
many sources incoherently. In this scenario, the antenna-effect consists in the enhancement of the 
source emission via Purcell effect, i.e., increasing of the radiative decay rate of a source induced 
by the enlarged local density of optical states (LDOS)22–30. Despite that the Purcell effect can lead 
to significant enhancement of the emitted power ( radP )
31–33, it scales with the number of quantum 
sources ( N ) as radP N , due to the incoherent nature of spontaneous emission. 
In 1954, Robert Dicke theoretically demonstrated34 that in a system of N  excited two-level 
atoms, the spontaneous emission can become correlated. In result, the entire system radiates as a 
source with a dipole 0~d Nd  ( 0d  is the dipole moment of a single atom), and hence scales as 
2
radP N . In the time-resolved scenario, it leads to an increase in emission rate and narrowing of 
the emitted pulse 35,36. The synchronization of spontaneous emission can arise in atom ensembles 
confined in a subwavelength region of volume 3( ) , where   is the radiation wavelength. 
Interestingly, resonant optical nanostructures can assist in achieving of correlated spontaneous 
emission of coupled sources, located not necessarily at small mutual distances 37–43. The Dicke 
radiation has been predicted and observed for 2N   sources44 and ensembles of many 1N  
sources36 in a variety of systems, including atoms45,46, ions44, quantum dots36, qubits47, and 
Josephson junctions48. 
The superradiance effect has an analogy in classical electrodynamics and antenna theory 
and may consist in the matching of coherently excited closely arranged antennas (i.e., antenna 
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arrays)49 with an excitation channel (e.g., waveguide) or enlarging of elastic scattering in arrays of 
(nano) particles50 and on-chip photonic crystals51. Also, the effect plays an essential role in 
Josephson-junction arrays48 and utilized for the emission of highly intense Cherenkov pulses52. In 
analogy with its quantum counterpart, rapid superlinear enhancement of the emission power with 
the number of antennas or scatterers occurs in this regime. A good discussion on the classical 
analogy of the Dicke radiation can be found in Refs.40,53.  
Hence, the radiation of an array of coherent sources plays an essential role in modern 
science and technologies across the entire spectrum. However, to the best of our knowledge, the 
question of how the coherent excitation can affect antenna performance (multipole composition, 
directivity, efficiency, and Purcell effect) remains unexplored. In fact, the simultaneous excitation 
of an antenna by several coherent sources is expected to alter its electromagnetic properties 
drastically via tailoring of its multipole composition. In this paper, we take the first attempt to 
study this issue and demonstrate that this approach can boost antenna performance. Firstly, we 
show that coherent excitation of an antenna by two localized sources [Figure 1(a)] makes it feasible 
to control the excitation of multipoles and as a result, its electromagnetic properties. It leads to the 
ability of coherent tuning of radiated power from almost zero values (subradiance) to significantly 
enhanced (superradiance). Interestingly, it makes possible excitation of anapole state and turning 
it on/off at will. Further, we explore that this approach allows reducing the quenching effect and 
strengthening the radiation efficiency at some specific phase via coherent avoidance of higher 
mode excitation without changing the geometry of the antenna. Finally, we demonstrate that 
utilizing this approach allows designing an antenna operating in superdirective and superradiance 
regimes simultaneously, Figure 1(b). To make the discussion independent of the frequency range, 
we restrict the consideration by all-dielectric antennas, which attract significant interest for both 
microwaves32,54–56 and optics8,17,57,58 and, hence, use dimensionless units. 
We also note that the coherent effects in optics attract a great interest today because they 
have been demonstrated to be allowed to achieve perfect absorption59–62, ultimate all-optical light 
manipulation63, and enhance wireless power transfer64,65. In this work, we show that the coherent 
excitation brings new exciting and useful effects to antenna science that otherwise are unattainable 
or difficult to achieve in traditional approaches. 
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Figure 1. Schematic representation of considered dielectric coherently driven (a) simple antenna 
and (b) notched superdirective antenna. The direction of the dipoles is along the y-axis. 
Results and discussion 
Sub- and superradiance. – We begin our analysis with consideration of a simple symmetric 
system depicted in Figure 1(a). The structure consists of a high-index dielectric resonator with 
radius R  and refractive index of 4n . The value of the refractive index is selected based on the 
typical values of the materials used in optics and microwaves54,66,67. Such a dielectric resonator 
supports Mie modes of a different order [see Supplementary Materials (SM)#I for details]. The 
first mode, magnetic dipole (md), is formed when the radius of the resonator satisfies / 2R n , 
or for fixed 4n , at / 8R  18,21. Next resonant modes, electric dipole (ed), magnetic quadrupole 
(mq) etcetera, appear at shorter wavelengths. 
 It is illustrative to consider a simple but instructive scenario of the resonator excitation by 
two oppositely directed plane waves. We restrict ourselves by the spectral range where the 
resonator supports only electric and magnetic dipole resonant modes. Upon excitation by two plane 
waves, due to linearity of the problem, the absolute values of Mie scattering dipole electric and 
magnetic amplitudes can be expressed as 1 1| |
ia a e   and 1 1| |
ib b e  , respectively (see SM#I for 
details). The different signs stem from the pseudo-vector character of the magnetic dipole. Thus, 
we conclude that even such a simple scenario opens an opportunity to coherently tune scattering 
from the resonator with turning on/off its modes at specific relative phases ( ) of the waves (see 
SM#I for details). 
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Now we assume the resonator is excited by two dipoles of equal amplitude ( dyP , | | 1dyP  ) 
but different phases (
1  and 2 ), and polarized along the y-axis, as shown in Figure 1(a). In the 
dipole approximation, the system can be considered analytically by the discrete dipole 
approximation (DDA) approach57,68. Following this approach, the resonator is described as a 
superposition of the md and ed moments with the magnetic ( m
p ) and electric (
e
p ) polarizabilities 
and corresponding magnetic ( M p ) and ( Pp ) dipole moments applied to the resonator’s center. The 
solution of the DDA equations (see SM#II for details) yields the following nonzero components 
of the electric and magnetic dipole moments 
1 2( )
j je
py p pd dyP A P e e
   ,     (1) 
1 20
0
( )
j jm
pz p pd dyM D P e e
 

  ,    (2) 
where 0  and 0  are the permittivity and permeability of free space respectively; pdA  and pdD  are 
coefficients (see SM#II). The analysis of these equations shows that when the dipole sources 
radiate in-phase ( 1 2 0   ), the magnetic dipole moment of the resonator vanishes, 0pzM  , 
while the electric dipole moment is maximal ( | | 2 | |epy p pdP A ) and twice larger than in the case of 
excitation by a single source. In the case of opposite phase excitation ( 1 2| | 180    deg), the 
situation is reversed, and the resonator possesses zero electric dipole moment and enhanced 
magnetic dipole (
0 0| | 2 / | |
m
pz p pdM D   ). Thus, the two-dipole coherent excitation makes it 
feasible to tailor the multipole composition of a resonator. 
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Figure 2. Purcell factor of a single dipole source (
1F ) with (a) tangential (TD) and (d) longitudinal 
(LD) orientation vs. wavelength normalized to the radius ( / R ) calculated both numerically and 
analytically. (b), (e) Collective radiation enhancement of two dipoles ( 2F ) with (b) TD and (e) LD 
orientation vs. / R  and phase difference of dipoles ( d 1 2| |    ). (c), (f) Normalized collective 
radiation enhancement ( 2 1/F F ) for (c) TD and (f) LD orientation vs. / R  and d . 
To explore how this coherent antenna excitation affects the antenna properties, we consider 
the Purcell effect in this system. Firstly, we calculate the Purcell factor ( 1F ) for the single dipole 
source for both tangential (TD) and longitudinal (LD) orientation, Figures 2(a), (d). For numerical 
calculation, we use the input-impedance approach reported in Ref.29. Note that since this system 
is assumed to be lossless, this approach coincides with the ratio of power radiated in the far zone 
to the same in the absence of resonator29: 1 rad 0,rad/F P P , where radP  is the radiated power for the 
presence of resonator and 0,radP  is for free space. The results of numerical calculation of the Purcell 
factor of a single dipole ( 1F ) for tangential (TD) and longitudinal (LD) orientation in CST 
Microwave Studio are presented in Figure 2(a) and (d) by circles. We use analytical calculations 
based on Green’s function approach for the verification of our numerical results69,70. The numerical 
and analytical results are in an excellent agreement. For exact geometrical parameters used for 
calculations see Methods.  
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For TD polarization, we observe two resonant modes, which are magnetic dipole (md) and 
magnetic quadrupole (mq) at / 8.37R   and / 5.75R   respectively [Figure 2(a)]. The electric 
dipole (ed) moment is not excited in TD polarization due to its zero overlap with the source, while 
effectively excited at / 6.58R   for LD polarization [Figure 2(d)]. These excited resonant modes 
lead to a dramatic increase in power radiation and Purcell factor for both TD and LD polarisations. 
This result coincides with our analytical result (red curve) and with results reported in earlier 
works18,71. 
Now we show that although the high Purcell effect is achieved for one dipole, it can be 
further increased by introducing another dipole near the resonator, Figure 1(a). We define the 
collective radiation enhancement 
2F  as 
rad
2
0,rad
( )
( )
( )
d
d
d
P
F
P



 ,     (3) 
where rad ( )dP   [ 0,rad ( )dP  ] is the total radiated power of the two dipoles excited with the phase 
difference (
d ) with [without] the resonator. The numerical results of collective radiation 
enhancement of two dipoles ( 2F ) versus / R  and phase difference ( d ) are summarized in 
Figures 2(b) and (e). We see that 2F  is raised to 24 at mq ( / 5.75R  ) and 20 at md ( / 8.37R 
) resonances at certain phases, which is ~85% and ~300% increase compared to 1F  for TD [Figure 
2(b)]. On the other hand, 2F  reaches 12 for ed of LD orientation, which is ~20% enhancement 
[Figure 2(e)]. The results for md and ed coincide with the above analytical DDA description. 
 The ratio 2 1/F F  gives the normalized collective radiation enhancement. If 2 1/ 1F F   (
2 1/ 1F F  ), the antenna boosts (suppresses) the coherent collective emission from the sources. The 
results presented in Figures 2(c), (f) show that the antenna boosts collective emission at certain 
phases. Remarkably, at / 5.68R   where 1F  is minimum, an additional dipole with d 150  deg 
can increase the power radiation 3.5 times higher [Figure 2(f)], which is associated with an anapole 
state and discussed below. 
Besides collective radiation enhancement, manipulating the phase difference can also 
achieve subradiance effect, which technically “turns off” the antenna without changing the 
structure. As previously mentioned, 2F  can be maximized up to 24 at / 5.75R   for TD. In 
contrast, 2F  can also be lower down to ~0 by introducing a relative phase of d  = 155 deg. Besides, 
while 2F  features a 300% boost at / 8.37R   for d  = 180 deg, zero power radiation can be 
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achieved by altering the phase of dipoles to be the same. A similar effect is also noticed at 
/ 5.68R   for LD. These results indicate that one could easily tune the Purcell factor by just 
adjusting the phase difference without changing the structure of the antenna. 
 
Figure 3. Radiation efficiency and radiative Purcell factor of the antenna consisting of dipole and 
resonator with radius R and refractive index, 16 0.1n i  , depending on / R  and d . (a) and 
(d) show both radiated efficiency (blue curve) and radiative Purcell factor (red curve) of one dipole 
for TD and LD orientation respectively depending on / R . (b), (e) Radiation efficiency of two 
dipoles ( 2 ) with TD and LD orientation respectively depending on / R  and d . Normalized 
radiation efficiency ( 2 1/  ) for (c) TD and (f) LD orientation depending on / R  and d . The 
value of 2 1/   is maximum at ~5.7 with 110 deg phase difference for both TD and LD orientation. 
The red dashed circle shows the region where the maximum 2 1/   is achieved. 
Efficiency boosting. – Besides enhancement of radiated power and radiative decay rate, another 
essential quantity characterizing any antenna is its radiation efficiency ( 1 ), defined as 1 rad tot/P P 
, where totP  is the total delivered power to the system. Note that although this definition is fair for 
both microwave and optics, in quantum optics another related definition (quantum efficiency) 
through the number of radiated photons ( radN ) is common: 1 rad tot/N N  , where totN  is the total 
number of excited quasiparticles (electrons, excitons). 
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 The radiation efficiency of a source, e.g., molecule or quantum dot (QD) can be increased 
via the Purcell effect72 by speeding up the radiative decay rate and reducing the nonradiative 
decays. This scenario can boost radiation efficiency of a dipole source arranged nearby a resonator 
with a resonant mode. However, in reality, the emission of a dipole source located closely to a 
resonator surface gets dissipated because of the quenching effect, i.e., strong dissipation through 
excitation of nonresonant higher-order modes73–75. 
 Here, we show that the coherent excitation by two dipole sources can lead to boosting of 
radiation efficiency owing to weakening of other modes besides the one of our interest. To this 
end, we introduce a realistic imaginary part to the resonator refractive index, 16 0.1n i  . Firstly, 
we calculate the radiated efficiency of one dipole (
1 ) for TD and LD orientations, shown in 
Figures 3(a), (d) by red curves. The radiation efficiency at the md resonance of TD orientation is  
~0.7 and at the ed resonance of LD orientation is ~0.85. In consequence, the antenna dissipates a 
significant amount of power before radiating, although it may have a high Purcell factor, Figures 
3(a), (d), blue curves. 
Further, we define the radiation efficiency of the two-dipole excitation scenario as 
rad
2
tot
( )
( )
( )
d
d
d
P
P

 

 ,     (4) 
where tot ( )dP   is the total delivered power to the system, which now is the relative phase-
dependent value. The results of the numerical calculation of this coherent radiative efficiency as a 
function of the dimensionless wavelength and the relative phase are presented in Figures 3(b), (e). 
To compare these results with 1 , we take their ratio, presented in Figures 3(c), (f). We see that 
the presence of the second dipole source can increase the overall radiation efficiency ( 2 1/ 1   ) 
for both TD and LD orientations at certain relative phases. We observe the most significant effect 
at / 5.7R   for both TD and LD. The efficiency of TD at mq is increased by 14% at the relative 
phase of 110 deg, as shown in Figure 3(c), which reduces the dissipation and hence elevates the 
power radiation. On the other hand, at / 5.7R   of LD, the antenna that originally had a low 
efficiency of 55% [Figure 3(d)] has become much more efficient with gain 42% [Figure 3(f)] in 
the collective excitation scenario. In short, these results convincingly show that the collective 
coherent excitation does not only have the advantage of increasing the Purcell effect but also the 
efficiency, which is the most crucial characteristic for any antenna. 
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 Let us consider the LD polarized excitation at / 5.7R   more detailed. Figures 4(a) and 
(b) demonstrate the dependences of collective radiation enhancement (
2F ) and mutual radiation 
efficiency (
2 ) on wavelength for the relative phase of 0 deg (blue curves) and 110 deg (red 
curves). We observe that both characteristics get increased at 110 deg of phase, and hence the 
antenna at this wavelength not only radiates more but also does it in a much more efficient way. 
To understand why this happens, we show the electric field distribution at / 5.7R   for both 
phases, Figure 4(c). The vector E-field distribution at the phase of 0 deg reminds that of the anapole 
state76 with enhanced linear distribution corresponding to the Cartesian dipole and two loops, 
corresponding to the toroidal moment76,77. Also, this point corresponds to the well-known anapole 
state of a spherical particle manifesting itself in the vanishing of Mie scattering amplitude 1a  and 
drop in the scattering efficiency (see SM#I for details). The anapole character of the excited state 
leads to reducing of 
2F . Importantly, this anapole state is associated with increased E-field in the 
center, which leads to increased dissipation losses in the center, Figure 4(d). 
 
Figure 4. (a), (b) Dependences of the collective radiation enhancement ( 2F ) and mutual radiation 
efficiency ( 2 ) on wavelength for the relative phase of 0 deg (blue curves) and 110 deg (red curves) 
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for the longitudinal (LD) excitation. (c), (d) E-field and power loss density in the resonator for the 
zero phase difference (left column) and 110 deg (right column) at / 5.7R  .  
Figures 4(c) and (d), right column, show that at the relative phase of 110 deg, the coherent 
excitation leads to “turning off” the anapole state with suppression of the E-field in the resonator 
center with the corresponding suppression of the power loss density and gain in both collective 
radiation enhancement (
2F ) and mutual radiation efficiency ( 2 ) at / 5.7R  . 
Superdirectivity. – The above analysis shows that the coherent excitation of an antenna by (at 
least) two sources leads to enhancement of the radiated power and boosting of the radiation 
efficiency. The reason lying behind these effects is the tailoring of excited multipoles in the 
antenna. In this section, we demonstrate that the same approach provides a powerful tool for the 
antenna directivity tailoring. Namely, we show that at a certain relative phase, an antenna can 
operate in both superradiation and superdirectivity regimes simultaneously. To this end, we utilize 
the recently reported design for all-dielectric superdirective notched antenna16,56, Figure 5(a). 
Superdirective antennas are those whose size is smaller than the operation wavelength in all three 
directions, and directivity is much larger than the directivity of a short dipole antenna ( max 1.5D 
)16,56,78–83. The superdirective antenna operation relies on creating rapidly spatially oscillating 
currents in a subwavelength area, which leads to excitation of higher multipoles56,78. If the 
multipoles are excited with right certain phases and amplitudes, their far-fields interfere, forming 
a spatially narrow radiation beam. In result, the antenna becomes very directive despite its 
subwavelength volume. Here we demonstrate that the excitation of a superdirective antenna by 
two coherent sources allows ultimate control of excited multipoles and radiation pattern. 
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Figure 5. (a) Schematic representation of the notched antenna comprising two coherent dipoles of 
different configuration. (b) Directivity of the single dipole [red arrow in (a)] with and without 
resonator depending on / R . Insets show the corresponding radiation patterns. (c), (d) Directivity 
of two dipoles placing along the (c) x-axis [blue arrows in (a)] and (d) z-axis [green arrows in (a)] 
in the notch. (e), (f) Total enhancement, max 2D F   , in logarithmic scale for two dipoles placing 
along the (e) x-axis and (f) z-axis in the notch of the resonator. The red crosses show the points of 
maximum total enhancement that results in superradiative and superdirective regimes 
simultaneously. 
Figure 5(b) presents the results of directivity calculation of the notched antenna for single 
dipole excitation [Figure 5(a), red arrow]. Following the antenna textbooks, we define the 
directivity as max max rad4 ( , ) /D P P   , where ( , )   are the angular coordinates of the spherical 
coordinate system, and maxP  is the power in the direction of the main lobe. This value is normalized 
so that the isotropic point source has max 1D   and the dipole source has max 1.5D  . In our system, 
we observe the maximum directivity max 9D   at / 4.35R   (red curve), which is much higher 
than that in free space (1.5, blue curve) and satisfies the definition of the superdirectivity regime. 
The insets demonstrate that the three-dimensional radiation pattern can be concentrated in a single 
direction in the presence of the designed antenna. Thus, these results show that the superradiative 
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antenna significantly increases the angular density of the radiated power. This idea has been 
theoretically suggested for optics in Ref.16 and experimentally realized in microwaves in Ref.56.  
The presence of the second dipole source allows coherent tuning of this superdirective 
antenna. For the arrangement of the sources along the x-axis [Figure 5(a), blue arrows], we observe 
the preservation of the superdirectivity regime with the maximum directivity (9.1), which 
changes with the relative phase, Figure 5(c). To achieve a superradiative and superdirective 
antenna, we compute the total enhancement, 
max 2D F   , that is the product of directivity and 
collective radiation enhancement, 
2F  (see SM#V for details). For this x-axis orientation, the 
maximum overall improvement of 880 in linear scale (2.9 in logarithmic scale) is achieved, Figure 
5(e, red cross). At this point, the antenna possesses both superdirectivity and superradiation effects 
with 2 100F   and max 8.5D  . When the sources are placed along the z-axis [Figure 5(a), green 
arrows], a higher maximum total enhancement of 2160 in linear scale (3.3 in logarithmic scale) is 
observed for z-axis orientation despite smaller directivity (~2.7) in this case, and the total 
enhancement is mainly contributed by 2 785F   in linear scale (see SM#V for details). Thus, for 
the x-axis arranged coherent sources, the antenna can operate in both superradiative ( 2 1/ 1F F  ) 
and superdirective ( max 1D , / 1R  ) regimes simultaneously. 
Conclusions 
In this paper, we have explored the issue of how the coherent excitation by several sources can 
affect antenna performance. We have shown that coherent excitation of an antenna by two 
localized sources makes it feasible to control the excitation of multipoles and as a result, its 
electromagnetic properties. It leads to the ability of coherent tuning of radiated power from almost 
zero values (subradiance) to significantly enhanced (superradiance). We have explored that this 
approach allows reducing the quenching effect and strengthening the radiation efficiency at some 
specific phase via coherent avoidance of higher mode excitation without changing the geometry 
of the antenna. The approach makes feasible excitation of nonradiative field configuration, anapole 
state, in the spherical antenna and turning it on/off on our demand. We have also demonstrated 
that utilizing this approach allows designing an antenna operating in superdirective and 
superradiance regimes simultaneously with the total enhancement factor over 32 10 . We believe 
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that the general effects reported in this study will found an application in a broad range of 
technologies, including coherently driven antennas and active nanophotonics. 
Methods 
Numerical simulations are performed in commercial software CST Microwave Studio 2018. CST 
Microwave Studio is a full-wave 3D electromagnetic field solver based on finite-integral time-
domain solution technique. A nonuniform mesh was used to improve accuracy in the vicinity of 
the dielectric resonators where the field concentration was significantly large. The dielectric 
permittivity is indicated in the text. The exact geometrical parameters used for simulations are as 
follows. The excitation dipole sources have the same length 
dl  = 20 nm. Fig. 1(a): the resonator 
radius is R = 60 nm; the dipoles are located at the distance of 10 nm from the resonator surface as 
shown. Fig. 1(b): the notched antenna has the radius R = 90 nm and a notch with radius Rn = 40 
nm. In Ref.16 it has been shown that this geometry provides the regime of largest directivity. The 
center of the notch is exactly on the surface of resonator, and the midpoint between the dipoles is 
20 nm away from the surface. Since the parameters are scalable, the results are discussed in the 
dimensionless units (wavelength normalized to the radius of the resonator) throughout the paper 
as they can be used in both microwave and optical wave application. 
References 
(1)  C. A. Balanis. Antenna Theory: Analysis and Design; New York ; Brisbane : J. Wiley, 
1997. 
(2)  Handbook of Microstrip Antennas, Volume 1; James, J. R., Hall, P. S., Eds.; IET: The 
Institution of Engineering and Technology, Michael Faraday House, Six Hills Way, 
Stevenage SG1 2AY, UK, 1989. https://doi.org/10.1049/PBEW028F. 
(3)  Rahmat-Samii, Y. Reflector Antennas. In Antenna Handbook; Springer US: Boston, MA, 
1988; pp 949–1072. https://doi.org/10.1007/978-1-4615-6459-1_15. 
(4)  Kwok Wa Leung; Eng Hock Lim; Xiao Sheng Fang. Dielectric Resonator Antennas: From 
the Basic to the Aesthetic. Proc. IEEE 2012, 100 (7), 2181–2193. 
https://doi.org/10.1109/jproc.2012.2187872. 
(5)  Yaduvanshi, R. S.; Parthasarathy, H. Rectangular Dielectric Resonator Antennas; 
Springer India: New Delhi, 2016. https://doi.org/10.1007/978-81-322-2500-3. 
15 
(6)  Novotny, L.; Van Hulst, N. Antennas for Light. Nat. Photonics 2011, 5 (2), 83–90. 
https://doi.org/10.1038/nphoton.2010.237. 
(7)  Agio, M.; Alù, A. Optical Antennas. Opt. Antennas 2011, 9781107014 (December), 1–
455. https://doi.org/10.1017/CBO9781139013475. 
(8)  Krasnok, A. E.; Miroshnichenko, A. E.; Belov, P. A.; Kivshar, Y. S. All-Dielectric Optical 
Nanoantennas. Opt. Express 2012, 20 (18), 20599. https://doi.org/10.1364/OE.20.020599. 
(9)  Krasnok, A. E.; Maksymov, I. S.; Denisyuk, A. I.; Belov, P. A.; Miroshnichenko, A. E.; 
Simovskii, C. R.; Kivshar, Y. S. Optical Nanoantennas. Uspekhi Fiz. Nauk 2013, 183 (6), 
561–589. https://doi.org/10.3367/UFNr.0183.201306a.0561. 
(10)  Krasnok, A. E.; Maloshtan, A.; Chigrin, D. N.; Kivshar, Y. S.; Belov, P. A. Enhanced 
Emission Extraction and Selective Excitation of NV Centers with All-Dielectric 
Nanoantennas. Laser Photonics Rev. 2015, 9 (4), 385–391. 
https://doi.org/10.1002/lpor.201400453. 
(11)  Bharadwaj, P.; Deutsch, B.; Novotny, L. Optical Antennas. Adv. Opt. Photonics 2009, 1 
(3), 438. https://doi.org/10.1364/AOP.1.000438. 
(12)  Taminiau, T. H.; Stefani, F. D.; Segerink, F. B.; van Hulst, N. F. Optical Antennas Direct 
Single-Molecule Emission. Nat. Photonics 2008, 2 (4), 234–237. 
https://doi.org/10.1038/nphoton.2008.32. 
(13)  Kivshar, Y.; Miroshnichenko, A. Meta-Optics with Mie Resonances. Opt. Photonics News 
2017, 28 (1), 24. https://doi.org/10.1364/OPN.28.1.000024. 
(14)  Vaskin, A.; Bohn, J.; Chong, K. E.; Bucher, T.; Zilk, M.; Choi, D. Y.; Neshev, D. N.; 
Kivshar, Y. S.; Pertsch, T.; Staude, I. Directional and Spectral Shaping of Light Emission 
with Mie-Resonant Silicon Nanoantenna Arrays. ACS Photonics 2018, 5 (4), 1359–1364. 
https://doi.org/10.1021/acsphotonics.7b01375. 
(15)  Rutckaia, V.; Heyroth, F.; Novikov, A.; Shaleev, M.; Petrov, M.; Schilling, J. Quantum 
Dot Emission Driven by Mie Resonances in Silicon Nanostructures. Nano Lett. 2017, 
acs.nanolett.7b03248. https://doi.org/10.1021/acs.nanolett.7b03248. 
(16)  Krasnok, A. E.; Simovski, C. R.; Belov, P. A.; Kivshar, Y. S. Superdirective Dielectric 
Nanoantennas. Nanoscale 2014, 6 (13), 7354–7361. 
https://doi.org/10.1039/C4NR01231C. 
(17)  Lepeshov, S.; Wang, M.; Krasnok, A.; Kotov, O.; Zhang, T.; Liu, H.; Jiang, T.; Korgel, 
B.; Terrones, M.; Zheng, Y.; et al. Tunable Resonance Coupling in Single Si 
Nanoparticle–Monolayer WS 2 Structures. ACS Appl. Mater. Interfaces 2018, 10 (19), 
16690–16697. https://doi.org/10.1021/acsami.7b17112. 
(18)  Krasnok, A.; Caldarola, M.; Bonod, N.; Alú, A. Spectroscopy and Biosensing with 
Optically Resonant Dielectric Nanostructures. Adv. Opt. Mater. 2018, 6 (5), 1701094. 
16 
https://doi.org/10.1002/adom.201701094. 
(19)  Krasnok, A.; Tymchenko, M.; Alù, A. Nonlinear Metasurfaces: A Paradigm Shift in 
Nonlinear Optics. Mater. Today 2018, 21 (1), 8–21. 
https://doi.org/10.1016/j.mattod.2017.06.007. 
(20)  Krasnok, A.; Makarov, S.; Petrov, M.; Savelev, R.; Belov, P.; Kivshar, Y. Towards All-
Dielectric Metamaterials and Nanophotonics. In Proc. SPIE; Kuzmiak, V., Markos, P., 
Szoplik, T., Eds.; 2015; Vol. 9502, p 950203. https://doi.org/10.1117/12.2176880. 
(21)  Kuznetsov, A. I.; Miroshnichenko, A. E.; Brongersma, M. L.; Kivshar, Y. S.; 
Luk’yanchuk, B.; Luk’yanchuk, B. Optically Resonant Dielectric Nanostructures. Science 
(80-. ). 2016, 354 (6314), aag2472. https://doi.org/10.1126/science.aag2472. 
(22)  Eggleston, M. S.; Messer, K.; Zhang, L.; Yablonovitch, E.; Wu, M. C. Optical Antenna 
Enhanced Spontaneous Emission. Proc. Natl. Acad. Sci. 2015, 112 (6), 1704–1709. 
https://doi.org/10.1073/pnas.1423294112. 
(23)  Mignuzzi, S.; Vezzoli, S.; Horsley, S. A. R.; Barnes, W. L.; Maier, S. A.; Sapienza, R. 
Nanoscale Design of the Local Density of Optical States. 2018. 
https://doi.org/10.1021/acs.nanolett.8b04515. 
(24)  Lunnemann, P.; Koenderink, A. F. The Local Density of Optical States of a Metasurface. 
Sci. Rep. 2016, 6 (1), 20655. https://doi.org/10.1038/srep20655. 
(25)  Blanco, L. A.; García De Abajo, F. J. Spontaneous Light Emission in Complex 
Nanostructures. Phys. Rev. B - Condens. Matter Mater. Phys. 2004, 69 (20), 205414. 
https://doi.org/10.1103/PhysRevB.69.205414. 
(26)  Thomas, M.; Greffet, J.-J.; Carminati, R.; Arias-Gonzalez, J. R. Single-Molecule 
Spontaneous Emission Close to Absorbing Nanostructures. Appl. Phys. Lett. 2004, 85 
(17), 3863–3865. https://doi.org/10.1063/1.1812592. 
(27)  Kühn, S.; Håkanson, U.; Rogobete, L.; Sandoghdar, V. Enhancement of Single-Molecule 
Fluorescence Using a Gold Nanoparticle as an Optical Nanoantenna. Phys. Rev. Lett. 
2006, 97 (1), 1–4. https://doi.org/10.1103/PhysRevLett.97.017402. 
(28)  Rogobete, L.; Kaminski, F.; Agio, M.; Sandoghdar, V. Design of Plasmonic 
Nanoantennae for Enhancing Spontaneous Emission. Opt. Lett. 2007, 32 (12), 1623. 
https://doi.org/10.1364/OL.32.001623. 
(29)  Krasnok, A. E.; Slobozhanyuk, A. P.; Simovski, C. R.; Tretyakov, S. A.; Poddubny, A. 
N.; Miroshnichenko, A. E.; Kivshar, Y. S.; Belov, P. A. An Antenna Model for the Purcell 
Effect. Sci. Rep. 2015, 5 (1), 12956. https://doi.org/10.1038/srep12956. 
(30)  Baranov, D. G.; Savelev, R. S.; Li, S. V.; Krasnok, A. E.; Alù, A. Modifying Magnetic 
Dipole Spontaneous Emission with Nanophotonic Structures. Laser Photonics Rev. 2017, 
11 (3), 1600268. https://doi.org/10.1002/lpor.201600268. 
17 
(31)  Gérard, J.; Sermage, B.; Gayral, B.; Legrand, B.; Costard, E.; Thierry-Mieg, V. Enhanced 
Spontaneous Emission by Quantum Boxes in a Monolithic Optical Microcavity. Phys. 
Rev. Lett. 1998, 81 (5), 1110–1113. https://doi.org/10.1103/PhysRevLett.81.1110. 
(32)  Krasnok, A.; Glybovski, S.; Petrov, M.; Makarov, S.; Savelev, R.; Belov, P.; Simovski, 
C.; Kivshar, Y. Demonstration of the Enhanced Purcell Factor in All-Dielectric Structures. 
Appl. Phys. Lett. 2016, 108 (21). https://doi.org/10.1063/1.4952740. 
(33)  Poddubny, A.; Iorsh, I.; Belov, P.; Kivshar, Y. Hyperbolic Metamaterials. Nat. Photonics 
2013, 7 (12), 948–957. https://doi.org/10.1038/nphoton.2013.243. 
(34)  Dicke, R. H. Coherence in Spontaneous Radiation Processes. Phys. Rev. 1954, 93 (1), 99–
110. https://doi.org/10.1103/PhysRev.93.99. 
(35)  Scully, M. O.; Svidzinsky, A. A. The Super of Superradiance. Science (80-. ). 2009, 325 
(5947), 1510–1511. https://doi.org/10.1126/science.1176695. 
(36)  Scheibner, M.; Schmidt, T.; Worschech, L.; Forchel, A.; Bacher, G.; Passow, T.; Hommel, 
D. Superradiance of Quantum Dots. Nat. Phys. 2007, 3 (2), 106–110. 
https://doi.org/10.1038/nphys494. 
(37)  Martín-Cano, D.; Martín-Moreno, L.; García-Vidal, F. J.; Moreno, E. Resonance Energy 
Transfer and Superradiance Mediated by Plasmonic Nanowaveguides. Nano Lett. 2010, 
10 (8), 3129–3134. https://doi.org/10.1021/nl101876f. 
(38)  Hou, J.; Słowik, K.; Lederer, F.; Rockstuhl, C. Dissipation-Driven Entanglement between 
Qubits Mediated by Plasmonic Nanoantennas. Phys. Rev. B - Condens. Matter Mater. 
Phys. 2014, 89 (23), 235413. https://doi.org/10.1103/PhysRevB.89.235413. 
(39)  Mokhlespour, S.; Haverkort, J. E. M.; Slepyan, G.; Maksimenko, S.; Hoffmann, A. 
Collective Spontaneous Emission in Coupled Quantum Dots: Physical Mechanism of 
Quantum Nanoantenna. Phys. Rev. B - Condens. Matter Mater. Phys. 2012, 86 (24), 
245322. https://doi.org/10.1103/PhysRevB.86.245322. 
(40)  Men’shikov, L. I. Superradiance and Related Phenomena. Uspekhi Fiz. Nauk 2008, 169 
(2), 113. https://doi.org/10.3367/ufnr.0169.199902a.0113. 
(41)  Teperik, T. V.; Degiron, A. Superradiant Optical Emitters Coupled to an Array of 
Nanosize Metallic Antennas. Phys. Rev. Lett. 2012, 108 (14), 147401. 
https://doi.org/10.1103/PhysRevLett.108.147401. 
(42)  Iida, T. Control of Plasmonic Superradiance in Metallic Nanoparticle Assembly by Light-
Induced Force and Fluctuations. J. Phys. Chem. Lett. 2012, 3 (3), 332–336. 
https://doi.org/10.1021/jz2014924. 
(43)  Choquette, J. J.; Marzlin, K.-P.; Sanders, B. C. Superradiance, Subradiance, and 
Suppressed Superradiance of Dipoles near a Metal Interface. Phys. Rev. A 2010, 82 (2), 
023827. https://doi.org/10.1103/PhysRevA.82.023827. 
18 
(44)  DeVoe, R. G.; Brewer, R. G. Observation of Superradiant and Subradiant Spontaneous 
Emission of Two Trapped Ions. Phys. Rev. Lett. 1996, 76 (12), 2049–2052. 
https://doi.org/10.1103/physrevlett.76.2049. 
(45)  Skribanowitz, N.; Herman, I. P.; MacGillivray, J. C.; Feld, M. S. Observation of Dicke 
Superradiance in Optically Pumped HF Gas. Phys. Rev. Lett. 1973, 30 (8), 309–312. 
https://doi.org/10.1103/PhysRevLett.30.309. 
(46)  Ortiz-Gutiérrez, L.; Muñoz-Martínez, L. F.; Barros, D. F.; Morales, J. E. O.; Moreira, R. 
S. N.; Alves, N. D.; Tieco, A. F. G.; Saldanha, P. L.; Felinto, D. Experimental Fock-State 
Superradiance. Phys. Rev. Lett. 2018, 120 (8), 083603. 
https://doi.org/10.1103/PhysRevLett.120.083603. 
(47)  Mlynek, J. A.; Abdumalikov, A. A.; Eichler, C.; Wallraff, A. Observation of Dicke 
Superradiance for Two Artificial Atoms in a Cavity with High Decay Rate. Nat. Commun. 
2014, 5 (1), 5186. https://doi.org/10.1038/ncomms6186. 
(48)  Galin, M. A.; Borodianskyi, E. A.; Kurin, V. V.; Shereshevskiy, I. A.; Vdovicheva, N. K.; 
Krasnov, V. M.; Klushin, A. M. Synchronization of Large Josephson-Junction Arrays by 
Traveling Electromagnetic Waves. Phys. Rev. Appl. 2018, 9 (5), 54032. 
https://doi.org/10.1103/PhysRevApplied.9.054032. 
(49)  Allen, J. L. Array Antennas: New Applications for an Old Technique. IEEE Spectr. 1964, 
1 (11), 115–130. https://doi.org/10.1109/MSPEC.1964.6500470. 
(50)  Tokonami, S.; Hidaka, S.; Nishida, K.; Yamamoto, Y.; Nakao, H.; Iida, T. Multipole 
Superradiance from Densely Assembled Metallic Nanoparticles. J. Phys. Chem. C 2013, 
117 (29), 15247–15252. https://doi.org/10.1021/jp4028244. 
(51)  Pan, J.; Sandhu, S.; Huo, Y.; Stuhrmann, N.; Povinelli, M. L.; Harris, J. S.; Fejer, M. M.; 
Fan, S. Experimental Demonstration of an All-Optical Analogue to the Superradiance 
Effect in an on-Chip Photonic Crystal Resonator System. Phys. Rev. B 2010, 81 (4), 
041101. https://doi.org/10.1103/PhysRevB.81.041101. 
(52)  Rostov, V. V.; Elchaninov, A. A.; Romanchenko, I. V.; Yalandin, M. I. A Coherent Two-
Channel Source of Cherenkov Superradiance Pulses. Appl. Phys. Lett. 2012, 100 (22), 
224102. https://doi.org/10.1063/1.4723845. 
(53)  Svidzinsky, A. A.; Chang, J.-T.; Scully, M. O. Cooperative Spontaneous Emission of N 
Atoms: Many-Body Eigenstates, the Effect of Virtual Lamb Shift Processes, and Analogy 
with Radiation of N Classical Oscillators. Phys. Rev. A 2010, 81 (5), 053821. 
https://doi.org/10.1103/PhysRevA.81.053821. 
(54)  Filonov, D. S.; Krasnok, A. E.; Slobozhanyuk, A. P.; Kapitanova, P. V.; Nenasheva, E. 
A.; Kivshar, Y. S.; Belov, P. A. Experimental Verification of the Concept of All-
Dielectric Nanoantennas. Appl. Phys. Lett. 2012, 100 (20), 201113. 
https://doi.org/10.1063/1.4719209. 
19 
(55)  Filonov, D. S.; Slobozhanyuk, A. P.; Krasnok, A. E.; Belov, P. A.; Nenasheva, E. A.; 
Hopkins, B.; Miroshnichenko, A. E.; Kivshar, Y. S. Near-Field Mapping of Fano 
Resonances in All-Dielectric Oligomers. Appl. Phys. Lett. 2014, 104 (2), 021104. 
https://doi.org/10.1063/1.4858969. 
(56)  Krasnok, A. E.; Filonov, D. S.; Simovski, C. R.; Kivshar, Y. S.; Belov, P. A. 
Experimental Demonstration of Superdirective Dielectric Antenna. Appl. Phys. Lett. 2014, 
104 (13), 133502. https://doi.org/10.1063/1.4869817. 
(57)  Krasnok, A. E.; Miroshnichenko, A. E.; Belov, P. A.; Kivshar, Y. S. Huygens Optical 
Elements and Yagi—Uda Nanoantennas Based on Dielectric Nanoparticles. JETP Lett. 
2011, 94 (8), 593–598. https://doi.org/10.1134/S0021364011200070. 
(58)  Li, S. V.; Baranov, D. G.; Krasnok, A. E.; Belov, P. A. All-Dielectric Nanoantennas for 
Unidirectional Excitation of Electromagnetic Guided Modes. Appl. Phys. Lett. 2015, 107 
(17). https://doi.org/10.1063/1.4934757. 
(59)  Baranov, D. G.; Krasnok, A.; Shegai, T.; Alù, A.; Chong, Y. Coherent Perfect Absorbers: 
Linear Control of Light with Light. Nat. Rev. Mater. 2017, 2 (12), 17064. 
https://doi.org/10.1038/natrevmats.2017.64. 
(60)  Pichler, K.; Kühmayer, M.; Böhm, J.; Brandstötter, A.; Ambichl, P.; Kuhl, U.; Rotter, S. 
Random Anti-Lasing through Coherent Perfect Absorption in a Disordered Medium. 
Nature 2019, 567 (7748), 351–355. https://doi.org/10.1038/s41586-019-0971-3. 
(61)  Chong, Y. D.; Ge, L.; Cao, H.; Stone, A. D. Coherent Perfect Absorbers: Time-Reversed 
Lasers. Phys. Rev. Lett. 2010, 105 (5), 053901. 
https://doi.org/10.1103/PhysRevLett.105.053901. 
(62)  Wan, W.; Chong, Y.; Ge, L.; Noh, H.; Stone, A. D.; Cao, H. Time-Reversed Lasing and 
Interferometric Control of Absorption. Science (80-. ). 2011, 331 (6019), 889–892. 
https://doi.org/10.1126/science.1200735. 
(63)  Baranov, D. G.; Krasnok, A.; Alù, A. Coherent Virtual Absorption Based on Complex 
Zero Excitation for Ideal Light Capturing. Optica 2017, 4 (12), 1457. 
https://doi.org/10.1364/OPTICA.4.001457. 
(64)  Krasnok, A.; Baranov, D. G.; Generalov, A.; Li, S.; Alù, A. Coherently Enhanced 
Wireless Power Transfer. Phys. Rev. Lett. 2018, 120 (14), 143901. 
https://doi.org/10.1103/PhysRevLett.120.143901. 
(65)  Krasnok, A. Coherently Driven and Superdirective Antennas. Electronics 2019, 8 (8), 
845. https://doi.org/10.3390/electronics8080845. 
(66)  Baranov, D. G.; Zuev, D. A.; Lepeshov, S. I.; Kotov, O. V.; Krasnok, A. E.; Evlyukhin, A. 
B.; Chichkov, B. N. All-Dielectric Nanophotonics: The Quest for Better Materials and 
Fabrication Techniques. Optica 2017, 4 (7), 814. 
https://doi.org/10.1364/OPTICA.4.000814. 
20 
(67)  Savelev, R. S.; Filonov, D. S.; Kapitanova, P. V.; Krasnok, A. E.; Miroshnichenko, A. E.; 
Belov, P. A.; Kivshar, Y. S. Bending of Electromagnetic Waves in All-Dielectric Particle 
Array Waveguides. Appl. Phys. Lett. 2014, 105 (18), 181116. 
https://doi.org/10.1063/1.4901264. 
(68)  Evlyukhin, A. B.; Reinhardt, C.; Seidel, A.; Luk’Yanchuk, B. S.; Chichkov, B. N. Optical 
Response Features of Si-Nanoparticle Arrays. Phys. Rev. B - Condens. Matter Mater. 
Phys. 2010, 82 (4), 45404. https://doi.org/10.1103/PhysRevB.82.045404. 
(69)  Chew, H. Transition Rates of Atoms near Spherical Surfaces. J. Chem. Phys. 1987, 87 (2), 
1355–1360. https://doi.org/10.1063/1.453317. 
(70)  Zambrana-Puyalto, X.; Bonod, N. Purcell Factor of Spherical Mie Resonators. Phys. Rev. 
B 2015, 91 (19), 195422. https://doi.org/10.1103/PhysRevB.91.195422. 
(71)  Rolly, B.; Bebey, B.; Bidault, S.; Stout, B.; Bonod, N. Promoting Magnetic Dipolar 
Transition in Trivalent Lanthanide Ions with Lossless Mie Resonances. Phys. Rev. B - 
Condens. Matter Mater. Phys. 2012, 85 (24), 2–7. 
https://doi.org/10.1103/PhysRevB.85.245432. 
(72)  Anger, P.; Bharadwaj, P.; Novotny, L. Enhancement and Quenching of Single-Molecule 
Fluorescence. Phys. Rev. Lett. 2006, 96 (11), 3–6. 
https://doi.org/10.1103/PhysRevLett.96.113002. 
(73)  Colas des Francs, G.; Bouhelier, A.; Finot, E.; Weeber, J. C.; Dereux, A.; Girard, C.; 
Dujardin, E. Fluorescence Relaxation in the Near-Field of a Mesoscopic Metallic Particle: 
Distance Dependence and Role of Plasmon Modes. Opt. Express 2008, 16 (22), 17654–
17666. https://doi.org/10.1364/OE.16.017654. 
(74)  Ziemannn, D.; May, V. Exciton Formation and Quenching in a Au/CdS Core/Shell 
Nanostructure. J. Phys. Chem. Lett. 2015, 6 (20), 4054–4060. 
https://doi.org/10.1021/acs.jpclett.5b01820. 
(75)  Carminati, R.; Greffet, J. J.; Henkel, C.; Vigoureux, J. M. Radiative and Non-Radiative 
Decay of a Single Molecule Close to a Metallic Nanoparticle. Opt. Commun. 2006, 261 
(2), 368–375. https://doi.org/10.1016/j.optcom.2005.12.009. 
(76)  Baryshnikova, K. V.; Smirnova, D. A.; Luk’yanchuk, B. S.; Kivshar, Y. S. Optical 
Anapoles: Concepts and Applications. Adv. Opt. Mater. 2019, 1801350, 1801350. 
https://doi.org/10.1002/adom.201801350. 
(77)  Monticone, F.; Sounas, D.; Krasnok, A.; Alù, A. Can a Nonradiating Mode Be Externally 
Excited? Nonscattering States vs. Embedded Eigenstates. Under Consid. 2019. 
(78)  Hansen, R. C. Electrically Small, Superdirective, and Superconducting Antennas; John 
Wiley & Sons, Inc.: Hoboken, NJ, USA, 2006. https://doi.org/10.1002/0470041048. 
(79)  Di Francia, G. T. Super-Gain Antennas and Optical Resolving Power. Nuovo Cim. 1952, 9 
21 
(3 Supplement), 426–438. https://doi.org/10.1007/BF02903413. 
(80)  Wong, A. M. H.; Eleftheriades, G. V. Adaptation of Schelkunoff’s Superdirective 
Antenna Theory for the Realization of Superoscillatory Antenna Arrays. IEEE Antennas 
Wirel. Propag. Lett. 2010, 9, 315–318. https://doi.org/10.1109/LAWP.2010.2047710. 
(81)  Liu, Y.; Deng, W.; Xu, R. A Design of Superdirective Endfire Array in HF Band. 2004 
Asia-Pacific Radio Sci. Conf. - Proc. 2004, 74–77. 
(82)  Lugo, J. M.; Goes, J. D. A.; Louzir, A.; Minard, P.; Tong, D. L. H.; Person, C. Design , 
Optimization and Characterization of a Superdirective Antenna Array. 2013, 1, 3609–
3612. 
(83)  Altshuler, E. E.; O’Donnell, T. H.; Yaghjian, A. D.; Best, S. R. A Monopole 
Superdirective Array. IEEE Trans. Antennas Propag. 2005, 53 (8 II), 2653–2661. 
https://doi.org/10.1109/TAP.2005.851810. 
 
